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Introduction {#sec1}
============

Mammalian aging involves many aspects of cellular and molecular changes, such as genomic instability, telomere attrition, epigenetic alterations, stem cell exhaustion etc ([@bib67]). Deeper understanding of epigenetic alterations in aging is of particular interest as epigenetic modifications can be reversed, allowing manipulation to potentially reverse aging and thus therapeutic potential ([@bib13]), unlike genomic mutations which are not readily fixable.

As the best studied epigenetic modifications, DNA methylation at the 5-position of cytosine (5-methylcytosine, 5mC) plays essential roles in development, aging and disease ([@bib32], [@bib87]). DNA methylation changes have become a hallmark of aging ([@bib67]). The DNA methylation signature as \'epigenetic clocks\' can predict the stage of body aging for any tissue across the entire life course ([@bib48]). Most methylation changes occur in a programmed manner in a subpopulation of tissue cells during natural aging, probably predisposing them toward tumorigenesis ([@bib58]). Additionally, age-associated methylation perturbations represent a plausible mechanism by which the increased incidence of disease in the offspring of older fathers may be transmitted ([@bib53], [@bib54]).

Cytosine methylation is introduced by DNA methyltransferases such as Dnmt1, Dnmt3a and Dnmt3b. Active DNA demethylation is mainly mediated by Ten-eleven translocation (Tet) enzymes, including Tet1, Tet2, and Tet3, that oxidize 5-methylcytosine (5mC) sequentially to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) ([@bib43], [@bib51], [@bib52], [@bib85]). The roles of Tet enzymes were well documented in *in vivo* and *in vitro* study. Tet1 plays important roles in pluripotency and differentiation of embryonic stem cells (ESCs) ([@bib51], [@bib62], [@bib106]), development, female meiosis ([@bib105]) and tumorigenesis ([@bib101]). Both Tet1 and Tet2 are involved in lineage differentiation and pluripotency of ESCs ([@bib57], [@bib62], [@bib75], [@bib97], [@bib102]), while Tet3 is indispensable for embryo epigenetic reprogramming ([@bib35], [@bib99]). Tet2 is also widely expressed in a variety of somatic organs and cell types, especially in hematopoietic cells ([@bib72]). *Tet1/2/3* triple knockout mice are embryonic lethal with severe gastrulation defects ([@bib17], [@bib65]).

However, *Tet1* or *Tet2* knockout mice are viable ([@bib59]), suggesting that they are redundant for embryo development. Loss of both *Tet1* and *Tet2* enzymes is compatible with development but promotes hypermethylation and compromises imprinting, and most double mutant mice die perinatally, suggesting that these enzymes have overlapping roles in development ([@bib19]). Tet1 regulates meiotic gene expression and loss of *Tet1* causes female meiosis defect in fetal ovaries ([@bib105]). Nevertheless, *Tet1* knockout mice are fertile albeit displaying reduced body mass and smaller litter size suggesting a subtle role for Tet1 in animal physiology ([@bib18]). Like *Tet1*, *Tet2* is dispensable for embryonic development and adult mutants also are fertile.

Although genome-wide DNA methylation studies have shown that in most tissue types in humans, methylation associated with promoters increases with age, and genome-wide DNA methylation decreases, 5hmC can be acquired or lost in different regions ([@bib90]). The decline in age-dependent overall 5mC levels is consistent with previously known age-related genome-wide hypomethylation ([@bib26], [@bib44], [@bib98]). The level of 5hmC in human blood cells decreases with age, and some of them were associated with TET2 mutations. The reduction of 5hmC is much greater than the reduction of 5mC ([@bib12]). Multiple tissue DNA methylation epigenetic clocks are age-related. However, it remains elusive whether TET enzymes play a regulatory role in aging in the adult.

Moreover, hormonal differences in mice affect \"biological age\", as shown by accelerated epigenetic aging in ovariectomized mice ([@bib83]). During spermatogenesis, 5hmC level is changed dynamically and correlated with gene expression, and RNAseq data shows that *Tet1* gene is expressed in spermatogonia ([@bib27], [@bib38], [@bib73]). The role of Dnmt1, 5mC, and 5hmC in the mammalian germline is to facilitate DNA demethylation and meiosis at the appropriate time ([@bib40]). Moreover, *Tet1* expression levels during human spermatogenesis also decease with age and are associated with reduced fertility ([@bib74]). However, loss of *Tet1* in male mice minimally affects testis morphology and function or fertility, but leads to dysregulation of imprinted genes and a mild developmental delay shown as smaller body size ([@bib18]). Thus far, the function of *Tet* in male spermatogenesis and during aging remains to be explored. Given the importance of stem cell aging in the degeneration and dysfunction of aging tissues and the reversible nature of epigenetic regulation, a comprehensive understanding of the epigenetics of stem cell aging is central to the basic biology of aging ([@bib13]). Using *Tet-*deficient mice, we show that *Tet1* deficiency accelerates spermatogonial stem cell aging and leads to premature reproductive aging in males. Male mice deficient in *Tet1* exhibit progressive loss of germ cells, meiosis defect, increased apoptosis and subfertility with age. Furthermore, the mechanisms of Tet1 in regulating stem cell aging were investigated.

Results {#sec2}
=======

*Tet1* Deficiency Reduces Male Fertility with Age {#sec2.1}
-------------------------------------------------

Heterozygous *Tet1* or *Tet2* mice ([@bib109]) were intercrossed to obtain *Tet1* knockout (*Tet1*^*−/−*^) or *Tet2* knockout (*Tet2*^*−/−*^) and control wild-type (WT) mice. Genotyping by PCR ([Figure S1](#mmc1){ref-type="supplementary-material"}A) indicated that *Tet1*^*−/−*^ mice were derived at the unexpected Mendelian frequency, with approximately a half of the number as expected, and this was consistent with a previous report ([@bib105]). Quantitative real-time PCR showed that *Tet1* mRNA was expressed but at low level relative to GAPDH in WT testis and *Tet1* mRNA could not be detected in *Tet1*^*−/−*^ testis ([Figure S1](#mmc1){ref-type="supplementary-material"}B). We further determined the genotypes by immunofluorescence of Tet1 (green) and Oct4 (Red) in the developed embryos ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Consistent with loss of *Tet1*, dot-blot analyses showed a reduction of 5-hydroxymethylcytosine (5hmC) levels in *Tet1*^*−/−*^ testis ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Co-immunofluorescence staining of 5hmC and 5mC followed by standard exposure time demonstrated that 5hmC strongly stained cells consistent with Sertoli cells and peritubular myoid cells, smooth muscle cells-like, by their locations ([Figure S1](#mmc1){ref-type="supplementary-material"}E). Absolute quantification of 5hmC of mouse spermatogenic cells isolated from neonatal mice demonstrated that the Sertoli cells indeed had higher 5hmC content than male germ cells while mESC had a 5hmC content similar to spermatogonia cells ([@bib27]). In contrast, 5mC moderately stained spermatogonia and spermatocytes. Moreover, 5mC fluorescence intensity was increased in *Tet1*^*−/−*^ young (3 month-old) and old (11month-old) mouse tubules, compared with young (3 month-old) WT tubules. By overexposure of 5hmC staining, 5hmC expression could be revealed in the spermatogonia and spermatocytes of young WT tubules, and was reduced in *Tet1*^*−/−*^ young and old mouse tubules ([Figure S1](#mmc1){ref-type="supplementary-material"}F). Reduction of 5hmC if any in Sertoli cells and myoid cells after *Tet1* deficiency is not obvious likely due to high expression of 5hmC and partly to the overexposure-caused exaggeration. Collectively, these data indicate that *Tet1* is effectively abolished and the low 5hmC expression level in spermatogonia and spermatocytes is further reduced in *Tet1*^*−/−*^ testis.

Immunofluorescence of 5mC or 5hmC showed that 5mC staining can be found in different cell types including spermatogonia, spermatocytes and spermatid and that Tet1 deficiency generally increased 5mC fluorescence. Yet, 5hmC immunostaining pattern was intriguing. The question was whether the low fluorescence signal of 5hmC in spermatogonia and spermatocytes in WT tubules, and overall reduced 5hmC staining in *Tet1*^*−/−*^ tubules and old mouse tubules represents real 5hmC expression level. Immunohistochemistry of cytosine modifications in human testes sections showed that levels of 5hmC are decreasing as spermatogenesis proceeds, while 5mC levels remain constant, indicate that during spermatogenesis active DNA demethylation becomes downregulated leading to a conservation of the methylation marks in mature sperm ([@bib73]). To estimate the 5mC and 5hmC levels in spermatogonia cells, we performed co-immunostaining using promyelocytic leukemia zinc-finger (PLZF) as a marker of undifferentiated spermatogonia ([@bib11], [@bib15], [@bib46]), a less abundant spermatogonia population containing spermatogonial stem cells (SSCs) ([@bib24]). Spermatogonia cells are enriched in neonatal mouse testis ([@bib27]), but very few cells in tubules were stained positive for PLZF in adult testis, as shown in a recent study ([@bib34]). We observed that 5hmC levels in spermatogonia decrease in 11 month-old mice, compared with 3 month-old mice ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Furthermore, 5mC levels are increased but 5hmC levels reduced in *Tet1*^*−/−*^ spermatogonia of young and old mice, compared with those of age-matched WT mice ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2D), consistent with the well-established role of Tet1 in DNA demethylation, now shown also in spermatogonia.

To investigate the effects of *Tet* deficiency on male reproductive aging, we set up mating with young WT females of *Tet1*^*−/−*^, or *Tet2*^*−/−*^ males compared with WT males at three age groups (3 month-, 8 month- and 11 month-old) and counted the produced viable progeny after observing successful mating by plug next morning. The average litter size of WT males was slightly reduced with age, and did not reach significant difference by the age of 11 months, consistent with robust reproductive performance of hybrid male mouse strains. Compared to WT mice, loss of *Tet1* in males reduced (p \< 0.05) number of pups at young age (3 month) and at the age of 8 months. But by 11 month-old, *Tet1*^*−/−*^ males produced markedly (p \< 0.001) reduced number of pups compared to age-matched WT males ([Figure 1](#fig1){ref-type="fig"}A). While WT mice produced litter size of an average of 8 pups at the 11 month-old, *Tet1*^*−/−*^ males had only about 3 pups. This shows that the effect of loss of *Tet1* on male reproduction is age-related. Testis weight is an important reproductive trait in males. Consistent with age-related decline in fertility, the testis of *Tet1*^*−/−*^ males was getting smaller with age, in contrast to WT mouse testes that became slightly larger with age. *Tet1*^*−/−*^ males had significantly lighter testis than did age-matched WT males ([Figures 1](#fig1){ref-type="fig"}B and 1C).Figure 1*Tet1*-Deficient Males Show Progressive Reduction in Fertility with Age and Spermatogenesis Defects(A) Reduction in the fertility in *Tet1*^−/−^ male mice with age, but not in *Tet2*^−/−^ males, compared with WT males. Experiments were repeated at least three times for each age group males. n ≥ 8 males that had successful mating by the presence of plug with young female mice (2-3 months) were counted for number of pups produced (litter size) and evaluation of fertility. Data are represented as mean ± SEM.(B) Representative images showing the testis collected from WT and *Tet1*^−/−^ mice.(C) Average testis weight. n = 8 mice for each group. Data are represented as mean ± SD.(D and E) H&E-staining of the cross sections of seminiferous tubules from 3-, 8- and 11-month-old WT and *Tet1*^−/−^ mice (D). Red asterisks represent tubules with loss of germ cells. (E) The ratios of degenerated tubules to the total number of tubules are presented. Four mice for each group were used. Scale bar, 50 μm. Data are represented as mean ± SD.(F and G) Representative images (F) and quantification (G) of TUNEL positive cells in WT and *Tet1*^−/−^ testes at 3, 8 and 11 months of age. Scale bar, 50 μm. Three mice for each group were used. Approximately 70 tubules each group were randomly counted. Green, apoptotic cells by TUNEL assay; Blue, nuclei stained with DAPI. Data are represented as mean ± SEM.\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant (p \> 0.05). Student\'s t-test for A, C, E and G.See also [Figures S1--S4](#mmc1){ref-type="supplementary-material"}.

*Tet2* Deficiency Has Only Minor Effect on Male Fertility with Age {#sec2.2}
------------------------------------------------------------------

To know whether *Tet2* also may regulate male germ cell function with age, we examined fertility of *Tet2*^*−/−*^ males with age, compared with age-matched WT controls. Genotyping by PCR indicated *Tet2* deficiency in *Tet2*^*−/−*^ mice and normal *Tet2* in WT ([Figure S3](#mmc1){ref-type="supplementary-material"}A). By qPCR, *Tet2* mRNA was expressed at low level relative to GAPDH in WT testis and *Tet2* mRNA level was minimal in *Tet2*^*−/−*^ testis ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Moreover, immunofluorescence of Tet2 and synaptonemal complex protein 3 (Sycp3) in testis sections showed that Tet2 was not detectable in the testis of *Tet2*^*−/−*^ mice and that both *Tet2*^*−/−*^ and WT mice exhibited similar staining of Sycp3 positive cells, indicative appropriate homologous pairing. Tet2 was expressed mainly in primary spermatocytes, secondary spermatocytes and round spermatids ([Figure S3](#mmc1){ref-type="supplementary-material"}C). 5mC and 5hmC immunofluorescence intensity was slightly changed following *Tet2* deficiency ([Figure S3](#mmc1){ref-type="supplementary-material"}E).

Loss of *Tet2* in males slightly reduced number of pups at young age (3 month-old) but did not reach significant difference, compared to WT mice ([Figure 1](#fig1){ref-type="fig"}A). By the age of 8 month or 11 month-old, *Tet2*^*−/−*^ males produced number of pups comparable to that of age-matched WT males ([Figure 1](#fig1){ref-type="fig"}A). The weight of *Tet2*^*−/−*^ testis did not differ from that of WT mouse testes at the age of 3 or 8 month-old, but became lighter compared to WT when the mice reached the age of 11 months ([Figure S3](#mmc1){ref-type="supplementary-material"}D). H&E staining of cross-sections of testis revealed that normal spermatogenesis were observed in most of seminiferous tubules of *Tet2*^*−/−*^ males ([Figure S3](#mmc1){ref-type="supplementary-material"}F). Only few seminiferous tubules of *Tet2*^*−/−*^ mice showed reduced germ cells. These results suggest that the effect of loss of *Tet2* on male reproduction and aging is insignificant.

*Tet1* Deficiency Causes Progressive Loss of Germ Cells with Age {#sec2.3}
----------------------------------------------------------------

To understand the causes of subfertility with age in *Tet1*^*−/−*^ mice, we examined histology of testes by H&E staining of cross-sections and immunofluorescence microscopy. Seminiferous tubules with disrupted spermatogenesis were observed in testes of *Tet1*^*−/−*^ males. Some seminiferous tubules of *Tet1*^*−/−*^ mice lacked a number of germ cell types such as round spermatid, and others were even depleted of germ cells, but only contained Sertoli cells. The percentage of degenerated tubules increased with age in *Tet1*^*−/−*^ mice ([Figures 1](#fig1){ref-type="fig"}D and 1E). At the age of 3 month-old, about 3.3% tubules with disrupted spermatogenesis were observed, with increasing to 4.5% and 8.6% at the age of 8 months and 11 months (n = 4, four testes from four different mice examined at each age, respectively). Degenerated seminiferous tubules were not observed in testes of control WT males at 3 months and very few at the age of 8 months and 11months. Concurrent with degenerated seminiferous tubules in *Tet1*^*−/−*^ males, a significant increase in germ cell apoptosis was observed. The TUNEL assay showed that the number of germ cell underwent apoptosis per tubule increased slightly in WT males with age, but increased significantly (p \< 0.001) in *Tet1*^*−/−*^ males when compared to age-matched WT males ([Figures 1](#fig1){ref-type="fig"}F and 1G). This result suggests that increased apoptosis is probably a contributing factor for progressive germ cell loss in *Tet1*^*−/−*^ males, and this phenotype is age-related.

To further confirm the loss of germ cells in the degenerative seminiferous tubules, we examined the expression of proliferating cell nuclear antigen (PCNA), a marker for proliferative cells ([@bib100]), and used Dazl to reveal germ cells or Sycp3 to detect prophase I spermatocytes ([@bib107]). Both the numbers of PCNA and Dazl positive cells were significantly reduced in *Tet1*^*−/−*^ mouse testis and further declined with age, compared to WT testis ([Figures 2](#fig2){ref-type="fig"}A and 2B). Normal seminiferous tubules of testes in *Tet1*^*−/−*^ mice still had PCNA and Sycp3 positive cells, but the degenerative tubules showed very few PCNA and Sycp3 positive cells and other types of germ cell such as round sperm ([Figures 2](#fig2){ref-type="fig"}A and 2B). Furthermore, the number of PCNA positive spermatogonia and Sycp3 positive prophase I spermatocytes per seminiferous tubule both were significantly (p \< 0.001) decreased in *Tet1*^*−/−*^ mice compared to age-matched WT mice ([Figures 2](#fig2){ref-type="fig"}C and 2D). Hence, these results indicate that lack of *Tet1* leads to a progressive germ cell loss and spermatogenesis defect with age.Figure 2*Tet1* Deficiency Leads to Loss of Male Germ Cells with Age(A) Sections of WT and *Tet1*^−/−^ testis were co-stained with antibodies specific for PCNA (green) and DAZL (red).(B) Number of PCNA and DAZL positive cells per seminiferous tubule. n = 10 tubules, three repeats.(C) Sections of WT and *Tet1*^−/−^ testis were co-stained with antibodies specific for PCNA (green) and Sycp3 (red).(D) Number of Sycp3 positive cells per seminiferous tubule. n = 10 tubules, three repeats.(E) Immunofluorescence of PLZF (green) in the sections of WT and *Tet1*^−/−^ testis. DAPI (in blue) stains nucleus.(F) Number of PLZF positive cells per seminiferous tubule. n = 20 tubules, three repeats. Data are represented as mean ± SEM. \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant (p \> 0.05). Student\'s t-test for B, D, and F. Scale bar, 20 μm.See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Adult stem cells play essential roles in maintenance of tissue homeostasis and regeneration. In mouse testis, SSCs are able to self-renew and differentiate, maintaining the continuous spermatogenesis to produce spermatozoa ([@bib24], [@bib63]). Because some complete degeneration of the seminiferous epithelium with a Sertoli cell-only phenotype was observed in *Tet1*^*−/−*^ testis and *Tet1* was expressed in spermatogonia (containing SSCs) ([@bib27]), this inspired us to hypothesize that loss of *Tet1* might impact self-renewal of SSCs, causing a progressive loss of germ cells with age. To substantiate this hypothesis, we carefully examined and compared PLZF positive cells between *Tet1*^*−/−*^ and WT seminiferous tubules. Interestingly, the number of PLZF positive cells per seminiferous tubule also was decreased in WT mice with age, and significantly decreased in *Tet1*^*−/−*^ mice compared to age-matched WT mice ([Figures 2](#fig2){ref-type="fig"}E and 2F). Previous findings also showed reduced number and proliferation of SSCs with age ([@bib80]). Overall, these results indicate that loss of *Tet1* results in exhaustion of undifferentiated spermatogonia and degenerative tubules, suggesting that *Tet1* plays an important role in maintaining SSCs.

*Tet1* Deficiency Leads to Meiosis Defect with Age {#sec2.4}
--------------------------------------------------

As shown above, *Tet1*^*−/−*^ testis has morphologically normal tubules, so we asked whether they undergo meiosis correctly in these tubules. We tested whether loss of *Tet1* leads to meiosis defect with age. Co-immunostaining of spermatocytes spreads with the meiotic synapsis proteins Sycp3 and Sycp1 revealed that progression of meiotic prophase I was impaired in *Tet1*^*−/−*^ males. At the age of 3 months, the percentage of leptotene and pachytene did not differ between *Tet1*^*−/−*^ and WT males, but the percentage of zygotene in *Tet1*^*−/−*^ males was increased, and the percentage of diplotene was decreased, compared with WT mice. At the age of 11 month-old, the percentage of leptotene and zygotene both were higher, and the percentage of diplotene was lower in *Tet1*^*−/−*^ mice than in WT mice ([Figures 3](#fig3){ref-type="fig"}A and 3B).Figure 3*Tet1* Deficiency Leads to Meiosis Defect with Age(A) Co-immunofluorescence of Sycp3 (green) and Sycp1 (red) in spermatocytes. Scale bar, 20 μm.(B) Frequencies of meiotic stages in WT and *Tet1*^−/−^ testis suspensions. Approximately 200 meiocytes from 3-6 mice were counted for each stage.(C) Co-immunofluorescence of Sycp3 (green) and γH2AX (red) in spermatocytes. Scale bar, 20 μm.(D) Percentage of cells retaining γH2AX outside of the sex chromosomes in pachytene and diplotene spermatocytes. Approximately 50 pachytene meiocytes from 3 mice were counted.(E and F) Co-immunofluorescence of Sycp3 (red) and Rad51(green) (E) or MLH1 (green, F) in spermatocytes. Scale bar, 20 μm.(G) Quantification of the Rad51 foci per pachytene spermatocyte.(H) Quantification of the MLH1 foci per pachytene spermatocyte. Approximately 30 pachytene meiocytes from three mice were counted. Data are represented as mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant (p \> 0.05). Student\'s t-test for B, D, G, and H.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Although changes in the percentage of four stages of prophase I spermatocytes indicated that the progression of meiosis prophase I was impaired in *Tet1*^*−/−*^ males, no defect was observed in synapsis formation at pachytene stage. We asked whether *Tet1*^*−/−*^ deficiency influences DNA repair and recombination. At the meiosis prophase I, meiotic recombination is essential for accurate segregation of homologous chromosomes ([@bib50]). The initiating event of meiotic recombination is a programmed DNA double-strand breaks (DSBs) introduced to the genome by Spo11 ([@bib56]). The DSBs which can be detected by the presence of γH2AX, must be subsequently repaired to form crossovers or noncrossovers ([@bib30]). As expected, many DSBs were present from leptotene to zygotene stages both in WT and *Tet1*^*−/−*^ spermatocytes, and staining of γH2AX nearly disappeared at autosome except for XY body in pachytene and diplotene stage spermatocytes. However, staining of γH2AX still remained at autosome in some pachytene stage spermatocytes (termed as γH2AX positive cells), and the percentage of γH2AX positive pachytene cells was increased in *Tet1*^*−/−*^ males at the age of 11 months compared to WT males ([Figures 3](#fig3){ref-type="fig"}C and 3D). These data suggest that *Tet1* deficiency caused DSB repair defect. The increased apoptotic cell death might be partially caused by meiosis defects.

In line with a DSBs repair defect, Rad51, the DSBs repair associated recombinase ([@bib3], [@bib5]), exhibited more foci in pachytene spermatocytes of *Tet1*^*−/−*^ than in age-matched WT males ([Figures 3](#fig3){ref-type="fig"}E and 3G). The presence of γH2AX and delayed removal of RAD51 in the chromosomes indicate that homologous recombination and repair were still occurring, but impaired in *Tet1*^*−/−*^ spermatocytes. MLH1 is an important marker for meiotic recombination and represents crossover ([@bib4], [@bib36], [@bib42]). Co-immunostaining of spermatocytes surface spreads with Sycp3 and MLH1 showed that MLH1 foci decreased dramatically in pachytene spermatocytes of 11 month-old *Tet1*^*−/−*^ males, but showed no difference at the age of 3 months ([Figures 3](#fig3){ref-type="fig"}F and 3H). Taken together, *Tet1* deficiency results in meiotic recombination defect with age.

*Tet1* Deficiency Shortens Telomeres {#sec2.5}
------------------------------------

Telomeres were shortened in mouse embryonic stem cells (ESCs) and in epiblast differentiation depleted of *Tet1* ([@bib57], [@bib106]), but it is unclear whether *Tet1* loss leads to telomere shortening in male germ cell. We preformed telomere quantitative fluorescence *in situ* hybridization (QFISH) and immunofluorescence of PLZF and Sycp3 on testis section and spermatocytes. Telomeres slightly shortened with age, and shortened further in *Tet1*^*−/−*^ SSCs and pachytene spermatocytes, compared with those of WT mice ([Figures S4](#mmc1){ref-type="supplementary-material"}A and 4B), which was further corroborated by Southern blot measurement of telomere TRF ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Although telomere length did not show dramatic reduction in the definite spermatogonia and pachytene spermatocytes in *Tet1*^*−/−*^ mice, these were survived cells, when used for preparation for telomere QFISH analysis, so they expectedly had better telomere maintenance. Others with shorter or dysfunctional telomeres might have undergone apoptosis that could not be detected due to the limitation of the assay.

Transcriptome Feature of Spermatogonia Cells with Age and Associated with *Tet1* Deficiency {#sec2.6}
-------------------------------------------------------------------------------------------

During spermatogenesis, *Tet1* and *Tet2* are expressed at highest levels in type A & B spermatogonia, at reduced levels in primary spermatocytes and at minimal levels in spermatid, but *Tet3* is expressed at much higher levels than do *Tet1* and *Tet2* in all these cells ([@bib27]). These data on spermatogonia and spermatocytes were based on the materials obtained from neonatal mice. We attempted to localize Tet1 and Tet2 protein expression by immunofluorescence in these different cell types in the adult and aging males, and found that Tet2 protein is mainly expressed in primary and secondary spermatocytes and spermatid ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Unfortunately we could not reveal Tet1 localization by immunofluorescence staining, although we tested at least four Tet1 antibodies obtained commercially or custom-made. Next we explored the mechanism of *Tet1* in regulating male fertility by further assessing spermatogonia cells. We purified spermatogonia from testis by FACS and profiled their transcriptome by RNA-sequencing to investigate the molecular changes and mechanism after loss of *Tet1*. Based on cell sorting by Hoechst-blue and Hoechst red, P3 cell populations contained mostly spermatogonia cells, which took about 0.1-0.3% of whole cell populations ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5D). Primary spermatocytes in P4 took about 1-5% of cell populations. P3 and P4 populations also were confirmed by co-immunofluorescence of Dnmt3b and absence of Sycp3, and Dnmt3b-negative and Sycp3-positive spermatocytes ([Figure S5](#mmc1){ref-type="supplementary-material"}E). By immunofluorescence of PLZF, P3 cell populations after cell sorting contained few spermatocytes which were PLZF positive and had relatively large decondensed nuclei ([Figure S5](#mmc1){ref-type="supplementary-material"}F). The purity of spermatogonia varied from 90%--98% each time.

We performed global principal component analysis (PCA) using transcripts per kilobase of exon model per million mapped reads (TPM) of all four groups: 3 month-old WT and *Tet1*^*−/−*^, and 11 month-old WT and *Tet1*^*−/−*^ mice. Transcriptome of spermatogonia from four groups could be mostly separated by clustering of PC1 and PC2 ([Figure 4](#fig4){ref-type="fig"}A), in which 11 month-old WT and 3 month-old *Tet1*^*−/−*^ clustered close together, in consistency with correlation analysis, and the correlation coefficient of the two groups was up to 0.99 ([Figure 4](#fig4){ref-type="fig"}B). This is also consistent with Pearson\'s correlation coefficient diagram ([Figure S5](#mmc1){ref-type="supplementary-material"}G). Specific genes were highly expressed in each group and also on chromosome Y shown by pheatmap in young male mice at the age of 3 month-old and were down-regulated in 3 month- *Tet1*^*−/−*^ and 11 month- WT and 11 month-old *Tet1*^*−/−*^ mice ([Figures 4](#fig4){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}H). These data indicated that genes expressed in spermatogonia cells mostly were down-regulated after *Tet1* deficiency, and suggested that *Tet1* loss could accelerate the reproductive aging by impairing spermatogonia cells.Figure 4Transcriptome Feature of Spermatogonia Cells following *Tet1* Deficiency or Aging(A) PCA analysis of TPM showing differential gene expression pattern among 3 month-old WT and *Tet1*^−/−^, and 11 month-old WT and *Tet1*^*−/−*^ spermatogonia and few spermatocytes.(B) Correlation analysis. X axis represented the log10(TPM+1) of 11 month-old WT group, and Y axis represented the 1og10(TPM+1) of 3 month-old *Tet1*^−/−^ spermatogonia cells. Their correlation coefficient was 0.99.(C) Differential gene expression profile shown by pheatmap.(D) GO enrichment analysis of specific genes with high expression levels in 3 month-old WT mice.(E) Pheatmap showing the genes enriched in spermatogenesis and germ cell development.(F) GO enrichment analysis of specific genes with high expression levels in 11 month-old *Tet1*^−/−^ males.(G) Pheatmap illustrating the genes enriched in nucleic acid binding transcription factor activity and immune system process.See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

We enriched the genes by KOBAS ([@bib104]), which were downregulated in 3 month-old *Tet1*^*−/−*^ and 11 month-old WT and *Tet1*^*−/−*^ mice. The GO results showed that these genes were enriched in spermatogenesis (29 genes), male gamete generation (29 genes), germ cell development (12 genes) and gamete generation (30 genes) ([Figure 4](#fig4){ref-type="fig"}D), based on the database of GO (<http://geneontology.org/>). Genes enriched in spermatogenesis and germ cell development were shown by pheatmap, and both exhibited higher expression in 3 months WT group, compared with other three groups ([Figure 4](#fig4){ref-type="fig"}E). We also looked at the enrichment of genes highly expressed in the 11 months old *Tet1*^*−/−*^ mice. These genes were enriched in the categories of transcription factor activity, sequence-specific DNA binding, nucleic acid binding transcription factor activity, membrane, immune system process and cell differentiation ([Figures 4](#fig4){ref-type="fig"}F and 4G). These data show that *Tet1* deficiency accelerates spermatogonia cell aging.

Differential Gene Expression in Spermatogonia in Young and Old Males {#sec2.7}
--------------------------------------------------------------------

To explore transcriptome changes during natural aging of spermatogonia cells, we further selected and performed RNA-seq analysis of 3 month and 11 month-old male mice. By analysis of differentially expressed genes (up: log2Foldchange \>1, p value\<0.05; down: log2Foldchange \< -1, p value\<0.05), 3,449 genes were highly expressed in 3 month-old WT males, in contrast to only 125 highly expressed genes in 11 month-old WT males, indicating that the expression of most genes decreased with age ([Figure S6](#mmc1){ref-type="supplementary-material"}A and S6B), including *Dppa3*, *Cyp26b1*, *Kitl* and *Aurkc*. Dppa3/Stella as germline pluripotency marker is expressed at highest levels in one cluster of spermatogonia stem cells ([@bib64]), and activates spermatogenesis-associated genes ([@bib21]). Elimination of Cyp26b1 activity within both germ and Sertoli cells resulted in severe male subfertility, with a loss of advanced germ cells from the seminiferous epithelium, indicating that Cyp26 activity within either Sertoli or germ cells is essential for the normal progression of spermatogenesis ([@bib47], [@bib79]). Reduction of *Cyp26b1* could alter meiosis differentiation.

Genes downregulated in 11-month-old WT males were enriched in PI3K-Akt signaling pathway, retinol metabolism, cAMP signaling and AMPK signaling pathway ([Figures S6](#mmc1){ref-type="supplementary-material"}C and S6D). PI3K-Akt signaling pathway regulates the proliferation and differentiation of SSCs ([@bib111]). AMPK and Wnt signaling pathway were all highly expressed in 3 month-old WT mice. GO enrichment results showed that genes downregulated in 11 months WT group were focused on reproductive structure development, meiotic cell cycle, chromatin organization, cellular response to DNA damage stimulus, and actin cytoskeleton ([@bib22]) ([Figure S6](#mmc1){ref-type="supplementary-material"}E), which play important roles in spermatogonia differentiation. Genes enriched in chromatin organization and meiotic cell cycle are shown by pheatmap ([Figure S6](#mmc1){ref-type="supplementary-material"}F). Notably, *Spo11, Ccna1, Piwil1, Syce1l*, *Aurka,* and *Haspin* etc. were consistently downregulated in spermatogonia cells in old mice. SSC subtypes contain six clusters, and cluster 1 is highly enriched for categories of sexual reproduction, meiosis, and gametogenesis and includes *Piwil1, Sohlh2, Mael, Stra8, Rad51, Sycp,* and *Syce* ([@bib39]). Meiotic genes are DNA methylated in PGCs but fully DNA-hypomethylated in adult SSCs (and "poised" by low/moderate H3K4me3) ([@bib38]). Single-cell RNA-seq identified four spermatogonial subtypes expressing many different markers for undifferentiated (e.g., *Gfra1, Lin28, Id4, Pax7, Etv5, Zbtb16*, and *Tert*) and differentiating spermatogonia (e.g., *Kit, Stra8, Sycp1, Sycp3, Dmrts*, and S*ohlhs*) ([@bib31]). Together, natural aging negatively affects transcriptome of spermatogenesis in mice.

Roles of *Tet1* on Spermatogonia {#sec2.8}
--------------------------------

Next question was how *Tet1* regulates the aging of spermatogonia cells. We analyzed RNA-seq data from spermatogonia of 3 month-old *Tet1*^*−/−*^ males and compared with the age-matched WT males. Scatter diagram showed that more genes were highly expressed in the 3-month-old WT males than in *Tet1*^*−/−*^ males, indicating that the expression of most genes decreased after *Tet1* deficiency, including *Prdm8*, *Spo11*, *Aurka*, *Piwil1*, *Haspin* ([Figure 5](#fig5){ref-type="fig"}A). Other genes including *Casp3*, which plays important roles in apoptosis, and *Cacng6* were highly expressed in *Tet1*^*−/−*^ males. There were 2,918 genes downregulated and only 43 upregulated in *Tet1*^*−/−*^ males, compared to WT males, shown by pheatmap ([Figure 5](#fig5){ref-type="fig"}B). Spermatogonial cells express germ cell marker genes and meiotic marker genes ([@bib81]). Interestingly, genes important for meiosis progression, *Spo11*, *Piwil1*, *Ccna1*, *Hspa2*, and *Dnmt3l* were downregulated in *Tet1*^*−/−*^ deficient germ cells, like those of natural aging ([Figure 5](#fig5){ref-type="fig"}C). As the third *Piwi* family member, *Piwil1*, also known as *Miwi*, is specifically highly expressed in adult testis and essential for spermatogenesis ([@bib20], [@bib108]). Piwil1/Miwi is required for the continued maintenance of repeat-derived piRNAs long after transposon silencing is established in germline stem cells and is essential for male fertility ([@bib78]). Genes downregulated in *Tet1*^*−/−*^ males were enriched in PI3K-Akt signaling pathway, cAMP signaling, AMPK signaling, MAPK signaling and retinol metabolism ([Figures 5](#fig5){ref-type="fig"}D and 5E), like those of aging mice shown above.Figure 5*Tet1* Deficiency Alters Transcriptome of Germ Cells(A) Scatterplot showing differential gene expression between 3 months WT and *Tet1*^−/−^ spermatogonia and spermatocytes. Red represents genes with higher expression in 3 months WT, and blue represents genes with higher expression in *Tet1*^−/−^, gray represented no significance between 3 month and *Tet1*^−/−^ spermatogonia and spermatocytes.(B) Differential gene expression shown by pheatmap. Differential genes were selected by the standard of log2Foldchange\>1 or log2Foldchange \< -1, and p value \< 0.05.(C) Pheatmap showing meiotic related genes including *Spo11*, *Ccna1* and *Dnmt3l* that are downregulated.(D) KEGG results enriched by the 2,918 genes downregulated in 3 months *Tet1*^−/−^ spermatogonia and spermatocytes by KOBAS websites.(E) Pheatmap showing the genes enriched in retinal metabolism and MAPK signaling pathway.(F) GO results enriched by the 2,918 genes downregulated in 3 months *Tet1*^−/−^ spermatogonia and spermatocytes.(G) Pheatmap showing the genes enriched in spermatogenesis and germ cell development (<http://zfin.org/action/ontology/term-detail/GO:0007281>).See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

GO enrichment results showed that genes downregulated in 3 month-old *Tet1*^*−/−*^ males were focused on spermatogenesis, sexual reproduction, microtubule cytoskeleton, meiosis I cell cycle phase, and germ cell development ([Figures 5](#fig5){ref-type="fig"}F and 5G), indicating that *Tet1* deficiency leads to abnormal spermatogenesis. Similar effects of age and *Tet1* deficiency on specific pathways together with PCA data suggest that *Tet1* deficiency mimics aging-associated dysfunction in spermatogenesis.

Methylation Aging Clock of Germ Cells {#sec2.9}
-------------------------------------

Methylation aging clock has been proposed and validated in somatic cell aging ([@bib48], [@bib49]). Mouse aging clock appeared to differ from human aging clock by comparison analysis ([Figure 6](#fig6){ref-type="fig"}A). Previous studies have shown that male germ cells in adult mice have highly different methylation state ([@bib16], [@bib27]), and different patterns of epigenetic dysregulation in DNA methylation occur in tissue-specific over time ([@bib88]), but how methylation plays a role in spermatogonia and germ cells aging remains to be determined. DNA methylation of transcription start site (TSS) usually suppresses gene transcription (review ([@bib103])). We overlapped the genes with high expression in 3 month-old mouse WT spermatogonia but low expression presumably associated with methylation in 11-month old WT males and 3 month-old *Tet1*^*−/−*^ and 11 month-old *Tet1*^*−/−*^ spermatogonia, with mouse ([@bib89]) and human aging clock genes (including 253 genes in mice and 345 genes in humans) ([@bib69]) ([Figure 6](#fig6){ref-type="fig"}A). Interestingly, only two genes *Aldh3b1* and *Fam50b* that are highly expressed in the 3 month-old mice but lower expressed in 11 month-old WT males and 3 month- *Tet1*^*−/−*^ and 11 month-old *Tet1*^*−/−*^ males ([Figure 6](#fig6){ref-type="fig"}B), overlapped with aging clock genes in humans, and only *Ppp1r36* overlapped with the mouse aging clock genes. *Tet1* deficiency or age can lead to a significant decline in the expression of both genes.Figure 6Transcriptome of Spermatogonia Cells and Methylation Aging Clock(A) Venn diagram in comparison of highly expressed genes in 3 month-old WT mice but downregulated in other three groups shown in [Figure 4](#fig4){ref-type="fig"}C, with methylation aging clock of mouse ([@bib89]) and human genes ([@bib69]).(B) Bar plot showing *Aldh3b1* and *Fam50b* expressed at significantly higher levels in 3 months WT group. Data are represented as mean ± SEM. (n = 3). \*\*\*p \< 0.001, Student\'s t-test.(C) Integrative Genomics Viewer (IGV) demonstrating binding site of *Aldh3b1*and *Ppp1r36*. H3K4me3 was used to show the promoter location of *Aldh3b1*. Tet1 biding to the Control and *Tet1* knockout spermatogonia cells (our data) is compared with 5hmC enrichment in both type A and type B spermatogonia cells. Tet1 abundance in ESCs and *Tet1* knocked down ESCs served another control. H3K4me3 and H3K27me3 data were obtained from ([@bib38]), SG-A-5hmC and SG-B-5hmC from ([@bib27]), and Tet1-Ctrl and shTet1 from ([@bib97]).(D) Average signal level of 5hmC binding to 667 genes in 3 months WT near TSS region of the spermatogonia cells. Pink represents Type A spermatogonia cells and green represents Type B spermatogonia cells.(E) Average signal level of Tet1 binding to 667 genes in 3 months WT near TSS region. The signal was decreased in *Tet1* knockout spermatogonia cells.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

To understand whether these two genes are regulated by methylation, we used the Integrative Genomics Viewer (IGV) to see if 5hmC regulates the promoter of *Aldh3b1*. H3K4me3 is used to show the promoter region of the gene (i.e. the gray region in [Figure 6](#fig6){ref-type="fig"}C), from which it can be seen that 5hmC is bound to the *Aldh3b1* promoter region regardless of type A or B-type spermatogonia cells, and the signal binding to the coding exon of *Aldh3b1* was stronger. This suggests that the expression of *Aldh3b1* could be regulated by 5hmC. It has been shown that 5hmC is enriched in gene bodies and proximal promoters but depleted in intergenic regions and TSS in spermatogonia and spermatocytes and the study further provided evidence for a positive regulatory role of 5hmC in gene activation during spermatogenesis ([@bib27]). Additionally, we compared the abundance of Tet1, 5hmC and 5mC on *Aldh3b1.* Tet1 is bound to the promoter of *Aldh3b1* in WT spermatogonia, but the binding reduced in *Tet1*^*−/−*^ spermatogonia ([Figure 6](#fig6){ref-type="fig"}C). Binding of 5hmC on *Aldh3b1* in ES cells is similar to that of spermatogonia cells, on both the promoter and exon of *Aldh3b1*. Signal of 5hmC on the intergenic and coding of *Ppp1r36* in spermatogonia cells also is strong. These data suggest that *Aldh3b1* and *Ppp1r36* could be regulated by Tet1 and its mediated-5hmC.

To determine whether reproductive cell aging have its own unique clock or pattern, we analyzed 5hmC signals at 667 genes highly expressed in the 3-month WT group in spermatogonia cells but with lower expression in other three groups. 5hmC strongly bound to intergenic and intragenic region of the genes but reduced at the promoter region (near TSS) of spermatogonia cells ([Figure 6](#fig6){ref-type="fig"}D). However, Tet1 could bind to both TSS as well as intergenic and intragenic region of these genes, and the binding to these regions was noticeably reduced in *Tet1*^*−/−*^ spermatogonia ([Figure 6](#fig6){ref-type="fig"}E). These data suggest that both Tet1 and 5hmC are involved in transcriptional regulation of these genes in spermatogonia cells. It remains to be validated whether these genes can mark germ cell aging clock. Nevertheless, from our initial analysis, aging clock of somatic cells may differ from that of germ cells.

Mechanism of Transcriptional Regulation by *Tet1* and Age on Spermatogonia Cells {#sec2.10}
--------------------------------------------------------------------------------

Based on the data analysis shown above, there were more down-regulated genes than up-regulated genes in 11 month-old WT and 3 month-old *Tet1*^*−/−*^ males compared with 3 month-old WT males. We tested the hypothesis that *Tet1* deficiency may lead to premature senility of mouse spermatogonia cells. We draw a Venn diagram of these down-regulated genes, showing that 2,160 genes were both downregulated in 3 month *Tet1*^*−/−*^ and 11 month-old WT spermatogonia cells ([Figure 7](#fig7){ref-type="fig"}A). GO results showed that these 2,160 genes were enriched in spermatogenesis, gamete generation and germ cell development ([Figure 7](#fig7){ref-type="fig"}B). Genes associated with spermatogenesis were downregulated in 3 month-old *Tet1*^*−/−*^ and 11 month-old WT spermatogonia cells ([Figure 7](#fig7){ref-type="fig"}C). Normalized 5hmC signal of type A and type B spermatogonia was decreased in TSS region. Tet1 signal also decreased in TSS region and the signal of Tet1 on the genes in WT spermatogonia cells were noticeably reduced in *Tet1*^*−/−*^ spermatogonia cells ([Figure 7](#fig7){ref-type="fig"}D), implying similarly regulatory mechanisms of these genes by 5hmC and Tet1. We also analyzed the genes downregulated in 3 month-old *Tet1*^*−/−*^ and 11 month-old WT spermatogonia cells and the genes with 5hmC binding, which revealed 80 genes overlapped among them ([Figure 7](#fig7){ref-type="fig"}E). Again, 5hmC or Tet1 signal on the 80 genes shared was decreased in TSS region. Signal of Tet1 on these genes in WT spermatogonia cells also were reduced in *Tet1*^*−/−*^ spermatogonia cells but to less extent ([Figure 7](#fig7){ref-type="fig"}F). These data suggested that reduction of 5hmC and Tet1 can contribute to the declined expression of the genes associated with spermatogenesis with age or *Tet1* deficiency.Figure 7ChIP-seq Analysis of the Genes Downregulated with Age and *Tet1* Deficiency(A) Venn diagram showing the genes downregulated in 3 month-old WT vs 11 month-old WT, or 3 month-old WT vs *Tet1*^−/−^ spermatogonia cells.(B) GO enrichments of the downregulated genes in spermatogenesis, gamete generation and germ cell development.(C) Pheatmap illustrating the genes related to spermatogenesis that are highly expressed in 3 month-old WT mice.(D) Average signal of 5hmC or Tet1 by ChIP-seq on the genes downregulated in both *Tet1*^−/−^ and 11 month-old spermatogonia cells.(E) Venn diagram showing the genes downregulated in 3 months WT vs 11 months WT, or 3 months WT vs *Tet1*^−/−^ spermatogonia cells, and 80 of them are shared by 5hmC binding.(F) Average signal of 5hmC or Tet1 on the 80 shared genes in spermatogonia cells.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Further comparison of 5hmC binding genes in ESCs ([@bib97]), type A and type B spermatogonia ([@bib27]), revealed that there were 1,920 genes common in ESCs and spermatogonia cells, and 2,375 genes in the spermatogonia A and B cell types ([Figure S7](#mmc1){ref-type="supplementary-material"}A). These genes are involved in various signaling transduction pathways and biological functions ([Figures S7](#mmc1){ref-type="supplementary-material"}B--S7D). Again, 99 genes downregulated in 3 month-old *Tet1*^*−/−*^ and 11 month-old WT mice were co-occupied by 5hmC in both ESCs and spermatogonia cells ([Figures S7](#mmc1){ref-type="supplementary-material"}E and S7F). While 5hmC signal in the TSS region of these genes was decreased, the signal of Tet1 in the TSS region of the genes was elevated in spermatogonia cells, but reduced in *Tet1*^*−/−*^ spermatogonia cells ([Figure S7](#mmc1){ref-type="supplementary-material"}G). These data support the notion that Tet1 has a role in transcriptional regulation of the bound genes. *Tet1* deficiency can result in declined expression of its bound genes.

Discussion {#sec3}
==========

We provide a direct evidence to demonstrate the link of Tet enzyme to aging. In this study, we present an important role of Tet enzymes in reproductive aging using knockout mouse model, which has advantages in study of aging in general. We have shown that Tet enzyme and its intermediate product 5hmC regulate germline and stem cell aging. Although *Tet1* or *Tet2* deficiency leads to reduced 5hmC and increased 5mC to similar levels, compared with wild-type mice, they result in differential impact on reproductive aging and perhaps aging in general. It is likely that transcriptional regulation by Tet1 in combination with methylation/demethylation together regulate reproductive aging.

Increasing evidence shows reduced levels of 5hmC and Tet enzymes with age and these suggest their potential participation in aging. Aging is associated with decreased *TET1* and *TET2* expression ([@bib55]). *Tet1* expression levels also decease with age and are associated with reduced fertility ([@bib74]), as shown here in mice. Similarly, a decrease in *Tet2* expression and 5hmC levels was detected in the aged hippocampus associated with adult neurogenesis ([@bib29]). An age-related decline of TET1, TET3 and TDG gene expression along with a decrease of 5hmC and an accumulation of 5caC, and the observed impairment of 5hmC-mediated DNA demethylation pathway in blood cells may lead to aberrant transcriptional programs in the elderly ([@bib92]). Also, it has been demonstrated that 5hmC content decreased with age in the peripheral blood T cells, and that the mRNA expression levels of TET1 and TET3 decreased with age, while those of TET2 were not influenced by age ([@bib91]). In contrast, evidence also is reported that global 5hmC content was increased during aging in the absence of 5mC decrease, suggesting that 5hmC could act as an epigenetic marker and not only as an intermediary in DNA demethylation ([@bib14]). Similar to cerebrum, the human cerebellum shows an age-dependent increase in 5hmC content, although at lower absolute levels ([@bib95]), consistent with others suggesting that increased 5hmC may play a role in age-related neurodegeneration ([@bib82], [@bib84]). However, age-related changes in DNA hydroxymethylation could be more complicated, and cell type specific and gene specific ([@bib61]). These age-correlated observations also could not determine whether levels of 5hmC or Tet enzymes contribute to aging, or are the result of aging.

We intended to address these questions by using *Tet* knockout mice as prove of principles. We sought firstly to investigate whether *Tet* deficiency can actually cause premature aging using *Tet* knockout mice as a model, and then to understand how *Tet* deficiency and/or 5hmC levels accelerates aging. To shorten the observation period, here we focused on reproductive aging in males.

Indeed, our data reveals that Tet1 plays a major role in regulating reproductive aging unlike Tet2. *Tet1* deficiency results in reduced expression of genes, like those of natural aging. The genes downregulated in aging males or in *Tet1*-deficient males are enriched in in spermatogonia cell cycle progression, spermatogenesis, meiosis, germ cell differentiation and DNA repair etc. For instance, *Ccna1* expression is greatly reduced in *Tet1*-deficient males, like that of natural reproductive aging males, compared with young mice. Ccna1 (Cyclin A1) is expressed in mice exclusively in the germ cell lineage and is required for meiosis in the male mouse. *Ccna1*^−/−^ males were sterile due to a block of spermatogenesis before the first meiotic division, whereas females were normal. Meiosis arrest in *Ccna1*^−/−^ males was associated with increased germ cell apoptosis and desynapsis abnormalities ([@bib66]). *Ccna1*^+/−^ male mice also show reduced sperm production and fertility ([@bib93]). Reduced expression of *Ccna1* following *Tet1* deficiency could negatively affect self-renewal of spermatogonia cells and delays meiotic cell cycle, consistent with the observation that PLZF-positive spermatogonia cells are greatly reduced in *Tet1*-deficient males and in natural aging. Also, *Spo11*, critical for meiosis homologous pairing and recombination initiation ([@bib8], [@bib56]), is down-regulated in *Tet1*-deficient spermatogonia and spermatocytes, like that of natural reproductive aging males. We observed significantly delayed meiosis progression and homologous pairing and recombination in *Tet1*-deficient meiocytes. DNA methyltransferase 3-like (*Dnmt3L*) is expressed in SSCs and their precursors. Loss of *Dnmt3L* from early germ cells also caused meiotic failure in spermatocytes and infertility ([@bib9]). In *Dnmt3L*^−/-^ meiotic spermatocytes, homologous chromosomes fail to align and form synaptonemal complexes, spermatogenesis arrests, and spermatocytes are lost by apoptosis and sloughing ([@bib96]).

Moreover, aldehyde dehydrogenase (ALDH) enzymes are critical in the detoxification of aldehydes. ALDH3B1 belongs to the ALDH3 family and protects cells from the damaging effects of oxidative stress ([@bib71]). Ppp1r36, a regulatory subunit of protein phosphatase 1, is highly enriched in human ([@bib23]) and mouse testis, and enhances autophagy during spermatogenesis ([@bib110]). These genes showed significant reduction in the expression in both *Tet1* deficient mice and old mice. It is also interesting to note that both *Tet1* deficient mice and natural aging mice showed similarly declined signal pathways, including Wnt, Retinol metabolism, Ras/MAPK, PI3K-Akt, and AMPK. These are involved in aging, or spermatogonia stem cell proliferation ([@bib33], [@bib34], [@bib86]). *Tet1*^*−/−*^ spermatogonia cells had abnormal retinol metabolism, reducing meiosis entry ([@bib10], [@bib25]). MAPK signaling pathway plays a key role in maintaining self-renewal capacity of mouse male germline stem cells ([@bib28], [@bib41]). Actually, mutations dysregulating RAS-MAPK signaling are often found in aged human testes ([@bib70]). It is likely that reduced expression of these important genes and defective signaling pathways together contribute to accelerated reproductive aging resulting from *Tet1* deficiency, similar to natural aging.

Telomere shortening also leads to aging or accelerated aging ([@bib2], [@bib1], [@bib6], [@bib7]). High telomerase is a hallmark of undifferentiated spermatogonia and is required for maintenance of male germline stem cells ([@bib76]). Telomerase activity is expressed at high levels in the type A spermatogonial stem cells, is down-regulated during spermatogenesis, and is absent in the differentiated spermatozoa ([@bib77]). Tet enzyme also is involved in the regulation of telomere length in mouse ESCs and epiblasts ([@bib57], [@bib68], [@bib106]). In epiblast cells, Tet1 demethylates gene promoters via hydroxylation of 5mC and maintains telomere stability ([@bib57]). We show that telomeres are shortened in spermatogonia cells as well as in spermatocytes of *Tet1* deficient mice.

Our study highlights an interplay between the catalytic and non-catalytic activities of Tet1 that plays important role in regulating transcription of spermatogonia and spermatogenesis, contributing to both normal development and aging. Generally, DNA methylation in regions near the TSS is closely associated with the suppression of gene expression ([@bib103]). Tet1 and Tet2 function to regulate locus-specific methylation during PGC development. *Tet* depletion induces promoter and gene body hypermethylation that is consistent with 5hmC having a locus-specific role in DNA demethylation in PGCs ([@bib37], [@bib94]). There is a possibility that reduced expression of genes related to germ cells and spermatogenesis might result from hypermethylation when *Tet1* is deficient. There has been very little information on how the age-related changes in DNA methylation affect the transcriptome or function of a tissue or cell. Methylation changes, in association with reduced RNA expression levels, in germ cells with age or following *Tet1* deficiency, may not be the same as those in blood which strongly predicts lifespan and healthspan ([@bib69]). Tissues have heterogeneous cell populations, and it is well established that different cell types have different epigenetic profiles. The effect of aging on DNA methylation could be cell-type specific. TET1 stimulates transcription of germline reprogramming-responsive genes via a DNA demethylation-independent mechanism, thus enabling progression toward gametogenesis ([@bib45]). Despite reduced gene expression, methylation levels of spermatogenesis-related promoters remain relatively stable, and no substantial difference in the global DNA methylation patterns was observed between 18 week and 17 month samples ([@bib60]). Our data shows that 5hmC also does not enrich at the TSS of those genes downregulated with age or due to *Tet1* deficiency in male germline cells. Whether spermatogonia cells may have their unique methylome aging marks requires further investigation.

Limitations of the Study {#sec3.1}
------------------------

*Tet1* knockout decreases 5hmC levels in spermatogonia cells and downregulates a clear set of genes important for cell cycle progression, germ cell differentiation, meiosis and reproduction, such as *Ccna1* and *Spo11*. Furthermore, Tet1 and 5hmC both regulate signaling pathways important for stem cell development, retinol metabolism, MAPK, PI3K-Akt, and AMPK, etc. These gene expression changes were obtained by bioinformatics analysis of RNA-seq data and in partial combination with ChIP-seq data. Further experiments will be needed to look at whether the gene expression can actually lead to changes at the protein levels by proteomics analysis and by western blot.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

Data and code related to this paper may be requested from the authors. Raw RNA-seq sequences are available online (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140014>) and raw ChIP-seq sequences are available online (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140999>). The accession number for the dataset reported in this paper is NCBI: \[[GSE140014](ncbi-geo:GSE140014){#intref0025} and [GSE140999](ncbi-geo:GSE140999){#intref0030}\].
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